The thermopower of a multiprobe ballistic conductor in the form of caterpillarlike Sinai billiard is experimentally investigated. The magnetic-field dependence of both longitudinal thermopower and NernstEttingshausen effect exhibits commensurability oscillations, which are more pronounced than the corresponding oscillations in the magnetoresistance. Results of computer calculations based on the generalized LandauerBüttiker approach are in agreement with experiment. The observed features in the thermopower originate from drastic difference between the transmission coefficients of quasielectrons ͑above the Fermi level͒ and quasiholes ͑below the Fermi level͒ in the vicinity of geometrical resonances.
Ballistic electron transport in nanostructured twodimensional systems is a subject of intensive study. Significant amount of work has been devoted to understand electron transport in two-dimensional ͑2D͒ billiards, such as periodic lattices of antidots of different symmetries, stadium and circus, corrugated wires, cross junctions.
1, 2 In the majority of structures the characteristic scale of an artificially introduced potential profile exceeds the electron wavelength. Therefore, analyzing effects unrelated to the interference of electron waves ͑such as weak localization, mesoscopics, AharonovBohm effect͒, one can consider an electron as a semiclassical particle undergoing specular reflections from the boundary of a billiard, and following Larmor arcs between the collisions in a transverse magnetic field. This naive picture succesfully describes a wide range of experimentally observed effects, such as commensurability oscillations in the magnetoresistance, the quenching of the Hall effect near zero magnetic field, the bend resistance, and others. The billiards of the type described here are systems exhibiting dynamical chaos. 3, 4 The main distinctive property of such systems is the presence of regular stable electron trajectories among the majority of chaotic ones.
Up to date the study of transport properties of electron billiards has been largely restricted to the investigation of magnetoresistance while another kinetic coefficient-the thermopower-has remained practically uninvestigated. However, the thermopower, being related to the energy derivative of conductivity, provides additional information about transport phenomena in these systems, and what is also important, it reflects new aspects of dynamic chaos undetectable through magnetoresistance measurements. This was corroborated in the recent works investigating the thermopower of point contacts, 5 quantum dots, 6 and Coulomb blockade devices. 7, 8 These works describe two-terminal measurements of closed systems ͑with conductances of about e 2 /h), whereas thermopower of open semiclassical systems with pronounced geometrical resonances as well as multiprobe ballistic devices remains uninvestigated.
In the present work we report experimental investigation of thermopower of a multiprobe ballistic conductor in the form of a caterpillarlike Sinai billiard. Experimental devices were fabricated from a GaAs/AlGaAs heterojunction hosting a two-dimensional electron gas ͑2DEG͒ with electron density N s ϭ(1Ϫ3)ϫ10
11 cm
Ϫ2
and mobility ϭ(6Ϫ8) ϫ10 5 cm 2 /V s which was patterned by means of electron lithography and subsequent plasma etching. The billiard was formed by two parallel chains of antidots situated along the edges of a ballistic wire ͑see Thermopower measurements were carried out by means of a local heating technique. Two opposing long leads (8 m) connected to the unstructured part of the Hall device ͑contacts 3 and 4͒ were used to apply a heating current at frequency f. The voltage drop across the device was measured at frequency 2 f as a function of magnetic field normal to the 2DEG plane. This technique works since the time of electron-electron interactions is shorter than that of electronphonon interactions, and thus, the dissipated power is spread over electron system faster than that is transferred to phonons. This method allows the diffusive thermopower ͑without phonon drag contribution͒ to be measured since only electron temperature rises while the phonon temperature remains practically unchanged. 9 Both diagonal and offdiagonal ͑Nernst-Ettingshausen effect͒ components of the thermopower tensor are investigated. The same Hall device was also used for complementary measurements of the magnetoresistance.
The experimental magnetic-field dependence of the resistance and thermovoltages of the sample with N s ϭ1.9 ϫ10 11 cm Ϫ2 measured at 4.2 K are presented in Fig. 2 . Longitudinal R xx ϭR 12, 46 and Hall R xy ϭR 12,78 resistances were measured from contacts 4, 6, and 7, 8 correspondingly by passing the current through the contacts 1 and 2. The offdiagonal component of thermovoltage U xy ϭU 78 ͑Nernst-Ettinshausen effect͒ was measured between contacts 7, 8, while the diagonal component U xx was measured between contacts 2, 7 and symmetrized to suppress the contribution of Nernst-Ettingshausen effect U xx (B)ϭ͓U 27 (B) ϩU 27 (ϪB)͔/2. Both components of resistance exhibit features at the magnetic field Bϭ0.24 T corresponding to the main commensurability condition 2R c ϭd, where R c is the cyclotron radius. The sharp decrease in R xx (B) originates from the formation of electron trajectories skipping along the antidots. 11, 10 The plateau in R xy (B) can be attributed to the magnetic guiding 1 and electron focusing, which is discussed below. The components of thermopower also exhibit anomalies at the same magnetic field. However, the features of thermopower are much more pronounced than those of the resistance. The S xy component of thermopower reverses sign at this magnetic field. The same sign reversal of S xy is observed near zero magnetic field and is accompanied by the quenching of the Hall resistance. The compliance of the magnetic-field positions of resistance peaks to the thermopower, leads to an assumption that the observed thermopower anomalies also arise from the classical chaotic electron dynamics in the billiard.
Transport phenomena in multiprobe ballistic conductors are usually described on the basis of Landauer-Büttiker formalism, considering the sample as a conductor attached to perfect phase-randomizing reservoirs through ideal leads which can serve as current or voltage probes. 12, 13 According to this approach the net current I i flowing into the probe i in the linear response regime is given by
where T i j is the probability of transmission from probe j into probe i (T ii is the probability of reflection͒, M i is the total number of outgoing quantum channels in probe i, j is the chemical potential of probe j, 0 is a reference chemical potential, and we denote t i j ϵT i j ϪM i ␦ i j . The matrix of transmission coefficients T obeys a reciprocity relation
ϭT ii (ϪB), and the same is valid for the matrix t. At equilibrium, when all chemical potentials j are equal, the currents I i are zero, which means that
Eq. ͑2͒ shows that det͉t͉ϭ0. It also follows from Eq. ͑2͒ that the currents I i are independent of 0 , which can be thus arbitrarily chosen. Taking 0 equal to the chemical potential of probe n ͑any probe chosen as a reference͒, one can rewrite Eq. ͑1͒ in the following form:
where ⌬V j ϵ( j Ϫ n )/e is the voltage drop across the probe j and the reference probe n, g is the matrix of conductance coefficients, and the tilde denotes corresponding minors of matrices. Note that det͉ t͉ 0. 
where ⌬⌰ j ϵ⌰ j Ϫ⌰ n is the temperature difference between probe j and the reference probe, ⑀ i j is the matrix of thermoelectric coefficients
Here ⌰ is the average temperature (⌬⌰ j Ӷ⌰ for all j). For the thermopower measurement regime, when all I i are zero, Eqs. ͑3͒, ͑4͒, and ͑5͒ yield ͑in a matrix form͒
Here S is the matrix of thermopower coefficients. Consider the geometry of the conductor shown in Fig. 1 . Taking probe 1 as a reference, label probes 2, 8, 7 as F , L, R, correspondingly, and T 21 , T 81 , T 71 , T 87 , as T F , T L , T R , T LR . Then taking into account a reciprocity relation and the symmetry of the conductor, we can express the matrix t in terms of four independent transmission coefficients
ϭT F (ϪB), and T LR (B)ϭT LR (ϪB). Thus, for the considered conductor, the matrix of thermopower coefficients S is determined by four transmission coefficients T F , T L , T R , T LR , and their energy derivatives taken at the Fermi level.
Transmission coefficients were calculated numerically by means of the Monte Carlo method using the approach described by Baranger et al. 15 The hard-wall billiard model adequately describes transport properties as shown earlier. 10 To make the calculation more realistic, a random impurity scattering length l i was included into the model in a way, similar to Cumming et al. 16 In the hard-wall billiard model, T i j ϭk F • f (R c ), where k F is the Fermi wave vector, R c ϭបk F /(eB) is the cyclotron radius, and the function f (R c ) is determined by the geometry of the device. Therefore, the energy derivatives of T i j are related to the magnetic-field derivatives through
Substitution of this into Eqs. ͑5͒ and ͑6͒ gives The geometry of the structure used in the calculation is shown in inset of Fig. 4 . Taking into account the symmetry of the structure we assume that the temperature distribution is such that ⌬⌰ L ϭ⌬⌰ R ϭ⌬⌰ F /2. The results of the calculations are presented in Fig. 3 together with the experimental dependence S xx (B)ϭU xx (B)/⌬⌰ F and S xy (B) ϭU xy (B)/⌬⌰ F , where the temperature drop across the device was estimated as ⌬⌰ F ϭ116 mK from the best fit of the amplitudes of thermopower variations in the experimental curves to those in the calculated curves in the region of the main commensurability condition. On the other hand the parameter ⌬⌰ F can be independently estimated from the dissipated power of the heater P h , if we assume that ⌬⌰ F Շ⌰ h , where ⌰ h is the temperature of the heater. The latter equals ⌰ h ϭ P h / h , where h is the heat conductance that can be estimated from the conductivity of the 2DEG xx ϭ40 ⍀ Ϫ1 for the given geometry of the device. For the heating current Iϭ0. 4 A we obtained ⌰ h Ϸ150 mK. Figure 3 demonstrates that the experimental and theoretical thermopower are in good agreement in the vicinity of the main commensurability condition 2R c ϭd. The qualitative discrepancy near zero magnetic field is ascribed to the smoothness of the electrostatic potential in the real structure, which was not taken into account in the calculations. In the following explanation, we focus on the main commensurability features observed in the region 2R c Ϸd.
The expressions for S xx and S xy obtained from Eqs. ͑6͒ and ͑9͒ represent the sum of several terms. We have found that one can extract the dominant term for each component of thermopower. The expressions for S xx and S xy reduced in this way can be written as
This is illustrated in Fig. 3 , which shows that the curves calculated from Eqs. ͑10͒ and ͑11͒ are very close to the curve obtained from the exact expressions. Insets of Fig. 3 demonstrate that G xx (B) and G xy (B) are almost magnetic-field independent. Thus, we can conclude that the main features of S xx (B) and S xy (B) are determined by the magnetic-field derivatives of transmission coefficients T F and T L correspondingly. Calculated magnetic-field dependence of the transmission coefficients is presented in Fig. 4 . This figure indeed shows the sharp increase in T L and the drop in T F in the region 2R c Ϸd. The increase in T L originates from the appearance of trajectories shown in the inset ͑b͒, which enter the side contact. These trajectories are formed due to magnetic-field focusing and collimation in the periodically situated bottlenecks. In higher magnetic fields (2R c Շd) T L remains high, because magnetic guiding trajectories, which appear at R c Շa, come into play. Apart from the increase in T L , the mentioned trajectories, entering the side contact, evidently lead to the decrease in T F . Partially, this drop in T F is also caused by the decrease of the number of skipping trajectories shown in the inset ͑a͒. These trajectories are responsible for the maximum in T F at d/(2R c )Ӎ0.8 , and the number of them drops down to zero at d/(2R c )ϭ1. Generally, the described picture can be understood in terms of quasielectrons ͑above the Fermi level͒ and quasiholes ͑below the Fermi level͒. Normally, the thermopower of metallic systems is small, because in the presence of a temperature gradient quasielectrons ͑with negative charge͒ and quasiholes ͑with positive charge͒ move in the same direction and have close mobilities. However, in the vicinity of geometrical resonances the mobility ͑or transmission coefficients͒ becomes abnormally sensitive to the cyclotron radius and, consequently, to the energy, resulting in the features of thermopower. The same breakdown of the particleuntiparticle symmetry takes place in mesoscopics leading to analogous experimentally observed abnormal enhancement of thermopower. 
